Concrete in practical applications has to inevitably suffer various impact loads. Recent research indicates that the hybrid fiber reinforced concrete (FRC) has better dynamic mechanical properties compared to the mono FRC under impact loading. Based on macro-experimentation and micro-observation, the impact behavior of the hybrid basalt-macro synthetic polypropylene FRC (BSFRC) was investigated by using ∅74 mm SHPB, SEM, and EDS. The effects of fiber hybridization, strain rate, and w/c ratio were analyzed simultaneously. The results show that the dynamic mechanical properties of BSFRC are strain-rate sensitive. Both basalt and macro synthetic polypropylene fibers (BF, SF) have a strengthening and toughening effect on concrete. Their hybridization has a similar enhancement effect but the impact toughness of concrete is further improved and the best hybrid ratio is 0.05%(BF)-0.25%(SF). BSFRC with higher w/c ratio has a higher strain rate effect while the fiber hybridization effect is weakened. Besides, the proposed constitutive model can well describe the impact behavior of BSFRC. The hydration of cement in the interface transition zones is lower with more Calcium Silicate Hydrate and less Ca(OH) 2 than that in the common mortar. However, the addition of BF and SF contributes to the hydration of cement and improves the performance of concrete eventually.
Introduction
Concrete is a widely applied engineering material and measures to improve the performance of concrete are desperately needed. Fiber reinforced concrete (FRC) has been proven to have better performance than plain concrete (PC), especially in restraining microcracks propagation [1] . Based on elastic modulus, fibers can be classified as rigid fibers and flexible fibers. While mixed together, the hybrid FRC shows a better strengthening and toughening effect than the mono FRC [2, 3] . Among the various fibers, basalt fiber (BF) and macro synthetic polypropylene fiber (SF) are receiving more and more attention. Studies have proven that concrete reinforced with BF or SF has better mechanical performance and durability [4, 5] . SF (diameter > 100 µm [6] ), which is a great substitute for steel fiber, is made of modified polypropylene. With the advantages of lighter weight and higher corrosion resistance [7] , SF can prevent drying shrinkage cracking of concrete [4] and is expected to improve the durability and lifetime of concrete structures [8] . Besides, SF is easy to disperse with less agglomeration in concrete compared to polypropylene fiber [9] . BF is extracted from volcanic basalt rock and is a kind of environmentally friendly material [5] , possessing high elastic modulus, tensile strength, and excellent resistance to alkaline and high temperature [10] . When BF is added, not only will the tensile and flexural strength of concrete be improved remarkably [11] , but also the permeability and dry shrinkage will be restricted [12, 13] . So together with its low cost, BF has high potential in concrete application [14, 15] .
There are few studies on the hybrid basalt-macro synthetic polypropylene FRC (BSFRC) at present, especially on its dynamic mechanical properties. However, other types of HFRC have also been studied. Yu et al. [16] studied the impact resistance of ultra-high performance concrete reinforced with long and short steel fibers (UHPHFRC). The results showed that the hybrid FRC had higher workability and the flexural and compressive strength were improved by 82% and 43% with long steel fibers (1.5%) and short steel fibers (0.5%). Ali et al. [17] investigated the behavior of an innovative engineered cementitious composite (ECC) reinforced with shape memory alloy (SMA) and PVA fibers. The results showed that hybrid fiber ECC became more brittle and its impact resistance was higher than plain ECC and the ECC with fiber hybridization of 2%(PVA)-1%(SMA) achieved the highest impact resistance. However, this research did not analyze the effect of different fiber hybridization. From the perspective of the fibers' chemical and physical properties, Pakravan et al. [18] investigated the impact of fiber hybridization on account of the recent studies on HFRC.
Besides, most of the research is basically carried out at the macro scale now. However, some limitations exist when explaining the impact of fiber and strain rate upon the dynamic behavior of concrete material. Scanning electron microscopy (SEM) is an advanced processing method for observing sample surfaces and is widely applied for analyzing the microstructure characteristics of materials [19] . It is generally known that the macroscopic mechanical properties of concrete are deeply affected by its the microstructure. By combining experimental procedures and SEM, we can further understand the mechanism of concrete failure. Zhang et al. [20] utilized SEM to analyze the interface between BF and mortar and found that concrete of higher strength had better bonding interfaces. Fiber inside concrete could not improve the interface performance but it had the ability to reduce the micro defects of concrete, such as microcracks and pores. Behfarnia [21] studied the effect of polypropylene fiber (PF) upon the microstructural appearance of concrete. The SEM images showed that PF had both positive and negative effects on mechanical and durability-related properties of concrete. It can be deduced that interfaces between mortar and fiber, mortar, and aggregates are important factors affecting concrete failure. Therefore, research on the microstructural characteristics of specimens is significant to understand the failure mechanism of BSFRC under impact loading. This paper is devoted to analyzing the impact behavior and failure mechanism of BSFRC from both macro and micro perspectives. The effect of fiber hybridization, strain rate, and w/c ratio was investigated simultaneously with a split Hopkinson pressure bar (SHPB) device. Then, a proposed model for BSFRC was used to describe the mechanical behavior of BSFRC considering damage inside concrete. Finally, the microstructure characteristics of BSFRC were observed and analyzed according to the obtained microscopic appearance and element contents in the interface transition zones (ITZ). The methodological framework chart of this study is shown as Figure 1 . 
Experiment Framework

Materials and Specimens Preparation
The w/c ratios of 0.68, 0.54 and 0.44 were considered. Six groups of fiber hybrid content were designed which were PC (0%), BC (0.1% of BF), SC (0.5% of SF), BSC1 (0.05% of BF + 0.25% of SF), BSC2 (0.05% of BF + 0.5% of SF), BSC3 (0.1% of BF + 0.25% of SF). The strain rate was controlled by impact pressures in SHPB test which were 0.3, 0.4, and 0.5 MPa, respectively. The river sands were used as fine aggregates with the maximum particle size of 2.5 mm. The detritus was used as coarse aggregates with a particle size of 5-10 mm. The 42.5 ordinary Portland cement was used according to GB 175-2009 [22] . The mixture proportion for concrete is listed in Table 1 . The properties of BF and SF, as shown in Figure 2 , are given in Table 2 . No other materials were used. Table 3 tabulates all the test conditions. 
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Basic Principle of SHPB Test
B. Hopkinson [27] in 1914 proposed a Hopkinson pressure bar (HPB) apparatus to measure the impact elastic pulses of metallic materials and Kolsky [28] subsequently developed it into SHPB in 1949. Compared to other dynamic test methods (e.g., hydraulic, falling hammer, light gas gun), the SHPB test not only has a relatively simple device and a wide range of strain rate, but also it is easy to control the waveform and it can be carried out in various forms of experiments.
The SHPB apparatus used in this study is illustrated in Figure 6 . Strain gauges are used to detect the incident, reflected, and transmitted waves ( , , ). The pulse shapers were utilized to increase the rise time and stress uniformity [29] . The specimen was placed between the bars with a universal joint for better contact surfaces. The typical detected waves are shown in Figure 7 . Based on the 1D wave theory and the uniformity assumption ( + = ), the strain ( ), stress ( ) and strain rate ( ) can be obtained by the Equations (1)-(3) [30]: be measured by EDS. As the energies of the X-rays are characteristic of the difference in energy between the two shells and of the atomic structure of the emitting element, EDS allows the elemental composition of the specimen to be measured. 
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The SHPB apparatus used in this study is illustrated in Figure 6 . Strain gauges are used to detect the incident, reflected, and transmitted waves (ε i , ε r , ε t ). The pulse shapers were utilized to increase the rise time and stress uniformity [29] . The specimen was placed between the bars with a universal joint for better contact surfaces. The typical detected waves are shown in Figure 7 . Based on the 1D wave theory and the uniformity assumption (ε i + ε r = ε t ), the strain (ε), stress (σ) and strain rate ( . ε) can be obtained by the Equations (1)-(3) [30] :
.
where E and A are the elastic constant and sectional area of the input and output bars. l 0 and A s are the length and sectional area of the specimen. c 0 is the wave velocity. 
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Static Test
The static strength of concrete is an important factor in designing concrete structures and is the basis for analyzing the dynamic properties of concrete. Figure 8 plots the static strength of concrete with various w/c ratios and fiber hybrid ratios. It shows that the strength of all types of concrete reinforced with fibers is higher than that of fiberless concrete. Giner et al. [31] considered that the introduction of steel and carbon fiber to concrete would increase the porosity and air content leading to the decrease in strength. Instead, the results in this study show that proper content of fibers can increase the strength of concrete. It is because that the fibers across the cracks can bridge the upper and lower concrete, as illustrated in Figure 9 . The tension in crack area is counteracted and the propagation of cracks are restrained by BF and SF. The static strength is improved accordingly. For w/c ratios of 0.44 and 0.54, the carrying capacity of BSC1 (0.5BC + 0.5SC) is higher than that of BC and SC which are increased by 9.6% and 12%, respectively. It indicates that the hybrid fiber has greater enhancement effect than mono fiber. However, the excessive fiber hybrid content (BSC2 and BSC3) produces inhibitory effects and the strength of concrete decreases. This is because too much fiber results in poor dispersibility and conglomeration. More defects of pores and weak interfaces are produced, leading to the weakness of enhancement effect of fibers. For w/c ratio of 0.68, bearing capacity of BSC1 is lower than that of BC and SC. Whereas, the strength of concrete continues to increase when the content of BF (BSC2) or SF (BSC3) is increased. This is probably because concrete with higher w/c ratio demands a higher fiber hybrid content. Concrete with low w/c ratio and high fiber content must use superplasticizers. Overall, the optimal hybrid ratio is 0.05% (BF)-0.25% (SF) for w/c ratios of 0.44 and 0.54, but higher fiber hybrid content is needed for a w/c ratio of 0.68. produces inhibitory effects and the strength of concrete decreases. This is because too much fiber results in poor dispersibility and conglomeration. More defects of pores and weak interfaces are produced, leading to the weakness of enhancement effect of fibers. For w/c ratio of 0.68, bearing capacity of BSC1 is lower than that of BC and SC. Whereas, the strength of concrete continues to increase when the content of BF (BSC2) or SF (BSC3) is increased. This is probably because concrete with higher w/c ratio demands a higher fiber hybrid content. Concrete with low w/c ratio and high fiber content must use superplasticizers. Overall, the optimal hybrid ratio is 0.05% (BF)-0.25% (SF) for w/c ratios of 0.44 and 0.54, but higher fiber hybrid content is needed for a w/c ratio of 0.68. 
Impact Test
Here, the impact of fiber hybridization, strain rate and w/c ratio on the dynamic compressive response of BSFRC subjected to dynamic compressive loading is investigated. The dynamic characteristic parameters of SHPB test are defined in Figure 10 . Figure 11 and Table 4 produces inhibitory effects and the strength of concrete decreases. This is because too much fiber results in poor dispersibility and conglomeration. More defects of pores and weak interfaces are produced, leading to the weakness of enhancement effect of fibers. For w/c ratio of 0.68, bearing capacity of BSC1 is lower than that of BC and SC. Whereas, the strength of concrete continues to increase when the content of BF (BSC2) or SF (BSC3) is increased. This is probably because concrete with higher w/c ratio demands a higher fiber hybrid content. Concrete with low w/c ratio and high fiber content must use superplasticizers. Overall, the optimal hybrid ratio is 0.05% (BF)-0.25% (SF) for w/c ratios of 0.44 and 0.54, but higher fiber hybrid content is needed for a w/c ratio of 0.68. 
Here, the impact of fiber hybridization, strain rate and w/c ratio on the dynamic compressive response of BSFRC subjected to dynamic compressive loading is investigated. The dynamic characteristic parameters of SHPB test are defined in Figure 10 . Figure 11 and Table 4 Static strength (Psi) Figure 9 . BF and SF distribution in crack area. 
Here, the impact of fiber hybridization, strain rate and w/c ratio on the dynamic compressive response of BSFRC subjected to dynamic compressive loading is investigated. The dynamic characteristic parameters of SHPB test are defined in Figure 10 . Figure 11 and Table 4 present all SHPB test results. (e) (f) (e) (f) Impact strength (σ p ) represents the impact resistance of BSFRC material and it is the maximum value in stress-strain curves. Figure 12 indicates that the dynamic strength of BSFRC was improved with increasing strain rate under different conditions. It is known that higher impact pressures bring about higher impact loading and shorter impact time acting on specimens. New cracks inside have no time to extend fully and the lateral deformation is restrained due to the Poisson effect. The surrounding part generates lateral confining forces to the central part of BSFRC [32, 33] which cannot be neglected. Thus, the stress is improved to absorb the input energy and the dynamic strength of BSFRC is improved eventually. It is found that curves of w/c ratios of 0.68 and 0.44 are approximated as straight lines. However, curves of w/c ratio of 0.54 have obvious inflection points. Some scholars call it as critical strain rate ( . ε c ) [34] . The impact strength of BSFRC increases slowly when strain rate is lower than . ε c but increases rapidly when strain rate is greater than . ε c . The strain-rate sensitivity of BSFRC material changes to higher with strain rate. Impact strength ( ) represents the impact resistance of BSFRC material and it is the maximum value in stress-strain curves. Figure 12 indicates that the dynamic strength of BSFRC was improved with increasing strain rate under different conditions. It is known that higher impact pressures bring about higher impact loading and shorter impact time acting on specimens. New cracks inside have no time to extend fully and the lateral deformation is restrained due to the Poisson effect. The surrounding part generates lateral confining forces to the central part of BSFRC [32, 33] which cannot be neglected. Thus, the stress is improved to absorb the input energy and the dynamic strength of BSFRC is improved eventually. It is found that curves of w/c ratios of 0.68 and 0.44 are approximated as straight lines. However, curves of w/c ratio of 0.54 have obvious inflection points. Some scholars call it as critical strain rate ( ) [34] . The impact strength of BSFRC increases slowly when strain rate is lower than but increases rapidly when strain rate is greater than . The strain-rate sensitivity of BSFRC material changes to higher with strain rate. 30 40 Dynamic increase factor (DIF) shows the change degree of impact strength with strain rate and it is defined as = / , where is impact strength and is static strength. Scholars have proposed some expressions to describe the DIF and strain rate relationship, as given in Equations (4)-(8) [32, [35] [36] [37] [38] [39] . After comparison, the linear expression Equation (6) was finally chosen in this study and the results are given in Figure 13 and Table 5 . Figure 13a shows that BSC1 has the highest values. BC and SC are similar but higher than PC. BSC2 and BSC3 are similar but lower than PC. It indicates that the two fibers can increase the impact resistance of concrete and their hybridization has better enhancement. Whereas, excessive fiber hybrid content will play an inhibitory role. From Figure  13b , it is found that the values of DIF increase and the fitted line becomes steeper as w/c ratio increases. It means that BSFRC with higher w/c ratio has a higher strain rate effect. R 2 is the determination coefficient which can qualify the fitting results. Here, R 2 close to 1 means that DIF and lg have an obvious linear relationship. Dynamic increase factor (DIF) shows the change degree of impact strength with strain rate and it is defined as DIF = f cd / f cs , where f cd is impact strength and f cs is static strength. Scholars have proposed some expressions to describe the DIF and strain rate relationship, as given in Equations (4)-(8) [32, [35] [36] [37] [38] [39] . After comparison, the linear expression Equation (6) was finally chosen in this study and the results are given in Figure 13 and Table 5 . Figure 13a shows that BSC1 has the highest values. BC and SC are similar but higher than PC. BSC2 and BSC3 are similar but lower than PC. It indicates that the two fibers can increase the impact resistance of concrete and their hybridization has better enhancement. Whereas, excessive fiber hybrid content will play an inhibitory role. From Figure 13b , it is found that the values of DIF increase and the fitted line becomes steeper as w/c ratio increases. It means that BSFRC with higher w/c ratio has a higher strain rate effect. R 2 is the determination coefficient which can qualify the fitting results. Here, R 2 close to 1 means that DIF and lg . ε have an obvious linear relationship. The impact strain indicates the deformation capacity of BSFRC under impact loading. The relationship between strain rate and impact strain is presented in Figure 14 . It shows that the impact strain of BSFRC is improved by strain rate. This is inconsistent with the strain-rate hardening effect [40] , namely, the strain of strain-rate sensitive material will be restrained as the stress increases. This is because BSFRC is heterogeneous and the strain softening effect [41] appears due to the microcracks and pores inside BSFRC. In fact, both strain-rate hardening effect and strain softening effect play a significant role in the failure of BSFRC but the former is dominant. This is consistent with the conclusions obtained by Zhang et al. [42] . In terms of the effect of w/c ratio, it shows from Figure 14b that the impact strain of w/c ratio of 0.54 has the highest value but that of 0.44 has a downward trend. As is known, the brittleness of concrete increases when the w/c ratio decreases. It means that the strain-rate hardening effect is dominant as the w/c ratio of BSFRC is low.
The impact toughness reflects the energy absorption capacity of BSFRC subjected to external loading. Herein, we use the energy method to analyze the impact toughness of BSFRC ( = 0 , = 1 0 , as presented in Figure 10 . Figure 15 gives the relationship between strain rate and the peak and ultimate toughness of concrete. It shows that the impact toughness of BSFRC specimens is improved by strain rate. On the one hand, the impact toughness of BSFRC is determined by the dynamic strength and impact strain. Both of them are enhanced by strain rate, leading to higher impact toughness of BSFRC eventually. On the other hand, the propagation of cracks accelerates directly the failure of concrete. The appearance of new microcracks consumes much more external energy than cracks expansion [20] . With increasing strain rate, more cracks appear to consume input The impact strain indicates the deformation capacity of BSFRC under impact loading. The relationship between strain rate and impact strain is presented in Figure 14 . It shows that the impact strain of BSFRC is improved by strain rate. This is inconsistent with the strain-rate hardening effect [40] , namely, the strain of strain-rate sensitive material will be restrained as the stress increases. This is because BSFRC is heterogeneous and the strain softening effect [41] appears due to the microcracks and pores inside BSFRC. In fact, both strain-rate hardening effect and strain softening effect play a significant role in the failure of BSFRC but the former is dominant. This is consistent with the conclusions obtained by Zhang et al. [42] . In terms of the effect of w/c ratio, it shows from Figure 14b that the impact strain of w/c ratio of 0.54 has the highest value but that of 0.44 has a downward trend. As is known, the brittleness of concrete increases when the w/c ratio decreases. It means that the strain-rate hardening effect is dominant as the w/c ratio of BSFRC is low.
The impact toughness reflects the energy absorption capacity of BSFRC subjected to external loading. Herein, we use the energy method to analyze the impact toughness of BSFRC (T p = ε p 0 σdε, T u = ε u1 0 σdε, as presented in Figure 10 . Figure 15 gives the relationship between strain rate and the peak and ultimate toughness of concrete. It shows that the impact toughness of BSFRC specimens is improved by strain rate. On the one hand, the impact toughness of BSFRC is determined by the dynamic strength and impact strain. Both of them are enhanced by strain rate, leading to higher impact toughness of BSFRC eventually. On the other hand, the propagation of cracks accelerates directly the failure of concrete. The appearance of new microcracks consumes much more external energy than cracks expansion [20] . With increasing strain rate, more cracks appear to consume input energy and hence create the stress relaxation areas. The macroscopic manifestation is that the specimen appears to sustain more severe damage. Figure 15b shows that the peak and ultimate toughness are weakened as the w/c ratio increases. However, the fitted line becomes steeper as w/c ratio increases. It also indicates that BSFRC with higher w/c ratio has a higher strain rate effect. energy and hence create the stress relaxation areas. The macroscopic manifestation is that the specimen appears to sustain more severe damage. Figure 15b shows that the peak and ultimate toughness are weakened as the w/c ratio increases. However, the fitted line becomes steeper as w/c ratio increases. It also indicates that BSFRC with higher w/c ratio has a higher strain rate effect. Figure 16 presents the relationship between fiber hybrid content and the dynamic strength of BSFRC. It shows that the dynamic strength of concrete under different w/c ratios and impact pressures exhibits similar trends. Concrete reinforced with BF, SF, and their hybridization has higher impact strength than plain concrete but has a downward trend as the fiber hybrid content increases. It means that the two fibers can increase the impact resistance of concrete. As presented in Figure 9 , fibers across the cracks can undertake parts of tension and play an inhibitory role in crack expansion. However, the probability of uneven dispersion and agglomeration of fibers increases by adding more BF and SF, leading to the decrease of impact strength of BSFRC. Whereas, SF is more effective than BF. Research shows that flexible fiber mainly improve the toughness of concrete while rigid fiber mainly improve the strength of concrete [43, 44] . But the results in this study are different. This is because SF is a kind of macro synthetic fiber but has higher elastic modulus compared to the general flexible fiber. Thus, it can increase the dynamic strength, even better than BF. When the w/c is 0.68, concrete reinforced with hybrid fiber (BSC1) has lower impact strength than BC and SC. However, it is similar to SC but higher than BC as the w/c ratio decreases. It indicates that higher w/c ratio will energy and hence create the stress relaxation areas. The macroscopic manifestation is that the specimen appears to sustain more severe damage. Figure 15b shows that the peak and ultimate toughness are weakened as the w/c ratio increases. However, the fitted line becomes steeper as w/c ratio increases. It also indicates that BSFRC with higher w/c ratio has a higher strain rate effect. Figure 16 presents the relationship between fiber hybrid content and the dynamic strength of BSFRC. It shows that the dynamic strength of concrete under different w/c ratios and impact pressures exhibits similar trends. Concrete reinforced with BF, SF, and their hybridization has higher impact strength than plain concrete but has a downward trend as the fiber hybrid content increases. It means that the two fibers can increase the impact resistance of concrete. As presented in Figure 9 , fibers across the cracks can undertake parts of tension and play an inhibitory role in crack expansion. However, the probability of uneven dispersion and agglomeration of fibers increases by adding more BF and SF, leading to the decrease of impact strength of BSFRC. Whereas, SF is more effective than BF. Research shows that flexible fiber mainly improve the toughness of concrete while rigid fiber mainly improve the strength of concrete [43, 44] . But the results in this study are different. This is because SF is a kind of macro synthetic fiber but has higher elastic modulus compared to the general flexible fiber. Thus, it can increase the dynamic strength, even better than BF. When the w/c is 0.68, concrete reinforced with hybrid fiber (BSC1) has lower impact strength than BC and SC. However, it is similar to SC but higher than BC as the w/c ratio decreases. It indicates that higher w/c ratio will Figure 16 presents the relationship between fiber hybrid content and the dynamic strength of BSFRC. It shows that the dynamic strength of concrete under different w/c ratios and impact pressures exhibits similar trends. Concrete reinforced with BF, SF, and their hybridization has higher impact strength than plain concrete but has a downward trend as the fiber hybrid content increases. It means that the two fibers can increase the impact resistance of concrete. As presented in Figure 9 , fibers across the cracks can undertake parts of tension and play an inhibitory role in crack expansion. However, the probability of uneven dispersion and agglomeration of fibers increases by adding more BF and SF, leading to the decrease of impact strength of BSFRC. Whereas, SF is more effective than BF. Research shows that flexible fiber mainly improve the toughness of concrete while rigid fiber mainly improve the strength of concrete [43, 44] . But the results in this study are different. This is because SF is a kind of macro synthetic fiber but has higher elastic modulus compared to the general flexible fiber. Thus, it can increase the dynamic strength, even better than BF. When the w/c is 0.68, concrete reinforced with hybrid fiber (BSC1) has lower impact strength than BC and SC. However, it is similar to SC but higher than BC as the w/c ratio decreases. It indicates that higher w/c ratio will weaken the effect of fiber hybridization. Peak stress (MPa) Figure 16 . Fiber hybridization effect on impact strength of BSFRC. Figure 17 shows the relationship between impact toughness of concrete and fiber hybrid content of BSFRC under impact pressure of 0.5 MPa. Due to material inhomogeneities and experimental errors, the test results are a bit discrete, especially for the w/c ratio of 0.54. But in general, it can be seen that concrete reinforced with proper amounts of BF, SF, and their hybridization has higher impact toughness which means that the two fibers can increase the impact toughness of concrete but their hybridization has better toughening effect compared to SF and BF used individually. However, BSC1 has higher impact toughness compared to BSC2 and BSC3. It indicates that too much fiber will play a weaken role which is more obvious in lower w/c ratio. Besides, the impact toughness of concrete, especially the ultimate toughness, shows a great variation in lower w/c ratio but has only a little difference in higher w/c ratio. It indicates that the fiber hybridization effect is more obvious at lower w/c ratio. Figure 17 shows the relationship between impact toughness of concrete and fiber hybrid content of BSFRC under impact pressure of 0.5 MPa. Due to material inhomogeneities and experimental errors, the test results are a bit discrete, especially for the w/c ratio of 0.54. But in general, it can be seen that concrete reinforced with proper amounts of BF, SF, and their hybridization has higher impact toughness which means that the two fibers can increase the impact toughness of concrete but their hybridization has better toughening effect compared to SF and BF used individually. However, BSC1 has higher impact toughness compared to BSC2 and BSC3. It indicates that too much fiber will play a weaken role which is more obvious in lower w/c ratio. Besides, the impact toughness of concrete, especially the ultimate toughness, shows a great variation in lower w/c ratio but has only a little difference in higher w/c ratio. It indicates that the fiber hybridization effect is more obvious at lower w/c ratio. Peak stress (MPa) Figure 16 . Fiber hybridization effect on impact strength of BSFRC. Figure 17 shows the relationship between impact toughness of concrete and fiber hybrid content of BSFRC under impact pressure of 0.5 MPa. Due to material inhomogeneities and experimental errors, the test results are a bit discrete, especially for the w/c ratio of 0.54. But in general, it can be seen that concrete reinforced with proper amounts of BF, SF, and their hybridization has higher impact toughness which means that the two fibers can increase the impact toughness of concrete but their hybridization has better toughening effect compared to SF and BF used individually. However, BSC1 has higher impact toughness compared to BSC2 and BSC3. It indicates that too much fiber will play a weaken role which is more obvious in lower w/c ratio. Besides, the impact toughness of concrete, especially the ultimate toughness, shows a great variation in lower w/c ratio but has only a little difference in higher w/c ratio. It indicates that the fiber hybridization effect is more obvious at lower w/c ratio. 
Fiber Hybridization Effect
Damage Dynamic Constitutive Model
Equation Establishment
The ZWT model [45] , which was initially applied to polymer materials, is composed of a time- 
Damage Dynamic Constitutive Model
Equation Establishment
The ZWT model [45] , which was initially applied to polymer materials, is composed of a time-independent non-linear spring f(ε) and two time-dependent linear Maxwell bodies ∅ ε, . ε . The complete ZWT model is established as Equations (9)- (11) . It can be seen that the model does not consider the influence of damage inside material. Differently from polymer materials, concrete materials in fact have many pores and microcracks inside. Besides, more cracks will be generated and propagate during the loading process. These defects will produce a depression effect on the mechanical performance and bring about complicated non-linear response of concrete. It is complicated to study the damage process from a micro perspective. But these defects play a role of weakening effect macroscopically. Wang et al. [46] considered that the damage evolution could be described by damage factor D, as given in Equation (12) . In the SHPB test, two assumptions can be made to simplify the ZWT model. αε 2 and βαε 2 are too small to be taken into consideration and the stress and strain show linear relationship in the prophase stage. Therefore, the model can be established as Equation (13) . The parameters of E 1 and E 2 can be obtained from the stress-strain curves of the static test and SHPB test. There are five parameters, namely, m, a, E 0 , θ 1 and θ 2 .
where m and a are the scale and shape parameter of Weibull distribution. E 0 is the elastic modulus of the spring. E 1 and θ 1 are elastic modulus and relaxation time of Maxwell I. E 2 and θ 2 are elastic modulus and relaxation time of Maxwell II.
Analysis of Fitting
Only part of the results is given because of paper length limitations. The fitted curves and parameters at various strain rates are plotted in Figure 18 and tabulated in Table 6 , respectively. Similar regularity is derived from different types of BSFRC with different w/c ratios. It shows that the stress fitted by the proposed model agrees well with the test data. The level of conformity in the rising phase is very high but declines in the dropping phase. It can be explained as the stress in SHPB test is not uniform when the internal stress reaches its maximum value. Overall, Table 6 shows that as the strain rate increases, E 0 , E 1 and θ 1 experience very little change, E 2 , θ 1 , θ 2 and m increase while a decreases. It means that the dynamic elastic modulus of BSFRC is improved by strain rate. The increase of θ 2 indicates that the strain rate response of BSFRC at high strain rate is much more clearly than that at low strain rate. Besides, Equation (12) shows that m has a greater effect upon D than a. D decreases with the increase of m and the decrease of a. The fitting result indicates that D is reduced which indicates that the microcracks propagation is restrained and the brittleness of BSFRC is improved with strain rate. The fitted curves and parameters with various hybrid ratios are plotted in in Figure 19 and tabulated in Table 7 . It shows that the fitted stress agrees with the experimental results well. Table 7 shows that the regularities of the parameters are not clear. But we can know that the static and dynamic elastic constant of concrete are improved when added fibers. The relaxation time of BSFRC is reduced compared to plain concrete. Besides, it can be seen that m of BSFRC is increased which means that fiber can optimize the microstructure of concrete and decrease the damage inside. m of the BF and SF hybridization is higher than BC or SC. It indicates that the hybridization of BF and SF can restrain the propagation of microcracks and has a better optimization effect on the microstructure of concrete. 
Microstructure Characteristics Analysis
Microscopic Appearance of Mortar
The w/c ratio is an important factor affecting the failure mechanism of BSFRC. In this section, the microscopic appearance of mortar is studied with SEM equipment, as given in Figure 20 . For higher w/c ratio (0.68), the hardened cement hydrates are loosely structured with many 1.5-3 μm microcracks and pores inside. As the w/c ratio declines, the content of cement increases gradually and the internal defects decrease. When w/c ratio is 0.44, there are few obvious cracks and large aperture pores and the aperture of the pores is reduced to 0.5-1 μm. The surface is gradually deposited with white Calcium Silicate Hydrate (C-S-H) gel hydrates. The mortar structure becomes stronger and more compact. Studies show that the hydration products of Portland cement are mainly composed of C-S-H gel phase, Solid hydrate (e.g., cement, calcium hydroxide Ca(OH) and aluminate) and capillary pores [47] . C-S-H which affects the macro mechanical properties of concrete accounts for the largest proportion. However, when there is enough water, ettringite will be produced as well. The remarkable characteristic of ettringite is swelling which can increase the volume of the hydrated products [48] , leading to many microcracks inside. As w/c ratio decreases, there is not enough water to generate ettringite and the C-S-H gel impel cement to form a more compact structure. With fewer microcracks and pores inside, the performance of concrete is clearly improved. 
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Microscopic Appearance of Mortar
The w/c ratio is an important factor affecting the failure mechanism of BSFRC. In this section, the microscopic appearance of mortar is studied with SEM equipment, as given in Figure 20 . For higher w/c ratio (0.68), the hardened cement hydrates are loosely structured with many 1.5-3 µm microcracks and pores inside. As the w/c ratio declines, the content of cement increases gradually and the internal defects decrease. When w/c ratio is 0.44, there are few obvious cracks and large aperture pores and the aperture of the pores is reduced to 0.5-1 µm. The surface is gradually deposited with white Calcium Silicate Hydrate (C-S-H) gel hydrates. The mortar structure becomes stronger and more compact. Studies show that the hydration products of Portland cement are mainly composed of C-S-H gel phase, Solid hydrate (e.g., cement, calcium hydroxide Ca(OH) 2 and aluminate) and capillary pores [47] . C-S-H which affects the macro mechanical properties of concrete accounts for the largest proportion. However, when there is enough water, ettringite will be produced as well. The remarkable characteristic of ettringite is swelling which can increase the volume of the hydrated products [48] , leading to many microcracks inside. As w/c ratio decreases, there is not enough water to generate ettringite and the C-S-H gel impel cement to form a more compact structure. With fewer microcracks and pores inside, the performance of concrete is clearly improved. capillary pores [47] . C-S-H which affects the macro mechanical properties of concrete accounts for the largest proportion. However, when there is enough water, ettringite will be produced as well. The remarkable characteristic of ettringite is swelling which can increase the volume of the hydrated products [48] , leading to many microcracks inside. As w/c ratio decreases, there is not enough water to generate ettringite and the C-S-H gel impel cement to form a more compact structure. With fewer microcracks and pores inside, the performance of concrete is clearly improved. 
Interface Observation
The cement hydration products and coarse aggregates are essentially two different materials and there exist interfaces between them. First, we study the interface characteristics between mortar and detritus of PC, as shown in Figure 21 . It is observed that concrete with various w/c ratios has different degrees of damage in the ITZ. Concrete with the w/c ratio of 0.68 has apparent wide cracks and mortar is loosely bonded to aggregates. When the w/c ratio decreases, mortar of concrete with the w/c ratio of 0.54 has better encapsulation to aggregates but the mortar structure in the ITZ is relatively looser compared to that of concrete with the w/c ratio of 0.44. Besides, there is a significant difference between the microscopic appearance of ITZ and that of common mortar (CM) which is 500 µm away from aggregates. A large number of lamellar calcium hydroxide crystals of about 10 µm are produced in the ITZ with more defects and looser structure. Whereas, the mortar structure away from the aggregates is more compact. 
The cement hydration products and coarse aggregates are essentially two different materials and there exist interfaces between them. First, we study the interface characteristics between mortar and detritus of PC, as shown in Figure 21 . It is observed that concrete with various w/c ratios has different degrees of damage in the ITZ. Concrete with the w/c ratio of 0.68 has apparent wide cracks and mortar is loosely bonded to aggregates. When the w/c ratio decreases, mortar of concrete with the w/c ratio of 0.54 has better encapsulation to aggregates but the mortar structure in the ITZ is relatively looser compared to that of concrete with the w/c ratio of 0.44. Besides, there is a significant difference between the microscopic appearance of ITZ and that of common mortar (CM) which is 500 μm away from aggregates. A large number of lamellar calcium hydroxide crystals of about 10 μm are produced in the ITZ with more defects and looser structure. Whereas, the mortar structure away from the aggregates is more compact.
Herein, we study the fiber distribution and interface between mortar and fibers. After observing several different samples, we found that they showed broadly similar distribution of BF and SF, as given in Figure 22 . It shows that there are fibers parallel or inclined to the fracture surface which means that only part of the fibers plays an effective role. BF belongs to fine fibers and it is easy to bend and intertwine inside concrete. BF in fracture areas are mostly pulled apart, as shown in Figure  22a . SF is a kind of macro synthetic fiber with large diameter and seldom intertwines. SF in fracture areas are mostly pulled out, as shown in Figure 22b . Figure 23 shows the interface between mortar and fibers. Overall, the bonding interface between the two types of fibers and mortar is in great condition. The surface of BF is smooth and there is no obvious deformation which indicates that BF can improve the strength of concrete significantly. Instead, SF has serious plastic deformation after impact loading. It means that SF can absorb the external input energy effectively and improve the toughness of concrete significantly. Besides, there exists a thin layer of hydrate on the surface of BF. Although SF has poor water absorbability, the hydration products attached to SF increase the bonding strength between BF and mortar. Herein, we study the fiber distribution and interface between mortar and fibers. After observing several different samples, we found that they showed broadly similar distribution of BF and SF, as given in Figure 22 . It shows that there are fibers parallel or inclined to the fracture surface which means that only part of the fibers plays an effective role. BF belongs to fine fibers and it is easy to bend and intertwine inside concrete. BF in fracture areas are mostly pulled apart, as shown in Figure 22a . SF is a kind of macro synthetic fiber with large diameter and seldom intertwines. SF in fracture areas are mostly pulled out, as shown in Figure 22b . Figure 23 shows the interface between mortar and fibers. Overall, the bonding interface between the two types of fibers and mortar is in great condition. The surface of BF is smooth and there is no obvious deformation which indicates that BF can improve the strength of concrete significantly. Instead, SF has serious plastic deformation after impact loading. It means that SF can absorb the external input energy effectively and improve the toughness of concrete significantly. Besides, there exists a thin layer of hydrate on the surface of BF. Although SF has poor water absorbability, the hydration products attached to SF increase the bonding strength between BF and mortar. 
Energy Spectrum Analysis
The formation of ITZ is because of the gradient of w/c ratio caused by the penetration of water from mortar to aggregates surface and the thickness of ITZ is between 5 and 100 μm [49] . Three specimens were prepared for each condition and the average value were obtained. Figure 24 shows the difference in the energy spectrum of PC between ITZ and CM. The atomic percentage of different elements is tabulated in Table 8 . it presents that the contents of both Ca and O are the highest in the ITZ and CM. However, the content of Si in the CM is higher than that in the ITZ. Ca/Si of ITZ is 4.25 and that of CM is 1.98. The results show that ITZ has less C-S-H but more Ca(OH) than CM. It is the result of a higher w/c ratio near aggregates and Ca(OH) exists in the form of crystallization with a looser structure and more pores. Instead, the w/c ratio of CM away from aggregates is lower and the content of C-S-H increases resulting in a compact structure. Therefore, the ITZ is an area with higher porosity and lower strength compared to CM. 
The formation of ITZ is because of the gradient of w/c ratio caused by the penetration of water from mortar to aggregates surface and the thickness of ITZ is between 5 and 100 µm [49] . Three specimens were prepared for each condition and the average value were obtained. Figure 24 shows the difference in the energy spectrum of PC between ITZ and CM. The atomic percentage of different elements is tabulated in Table 8 . it presents that the contents of both Ca and O are the highest in the ITZ and CM. However, the content of Si in the CM is higher than that in the ITZ. Ca/Si of ITZ is 4.25 and that of CM is 1.98. The results show that ITZ has less C-S-H but more Ca(OH) 2 than CM. It is the result of a higher w/c ratio near aggregates and Ca(OH) 2 exists in the form of crystallization with a looser structure and more pores. Instead, the w/c ratio of CM away from aggregates is lower and the content of C-S-H increases resulting in a compact structure. Therefore, the ITZ is an area with higher porosity and lower strength compared to CM. Figure 25 shows the difference between energy spectrum of BC, SC and BSC1, and the atomic percentages of different elements are tabulated in Table 8 . Ca/Si of BC, SC, and BSC1 are 2.75, 3.31, and 3.06, respectively, which are lower than that of PC (4.25). It indicates that BF, SF, and their hybridization can accelerate the hydration of cement in the ITZ of concrete and improve the strength of the ITZ area. Compared to SF, the lower Ca/Si of BC indicates that BF shows a better improvement effect, but both of them can clearly increase the strength of concrete.
ITZ and CM. However, the content of Si in the CM is higher than that in the ITZ. Ca/Si of ITZ is 4.25 and that of CM is 1.98. The results show that ITZ has less C-S-H but more Ca(OH) than CM. It is the result of a higher w/c ratio near aggregates and Ca(OH) exists in the form of crystallization with a looser structure and more pores. Instead, the w/c ratio of CM away from aggregates is lower and the content of C-S-H increases resulting in a compact structure. Therefore, the ITZ is an area with higher porosity and lower strength compared to CM. Figure 25 shows the difference between energy spectrum of BC, SC and BSC1, and the atomic percentages of different elements are tabulated in Table 8 . Ca/Si of BC, SC, and BSC1 are 2.75, 3.31, and 3.06, respectively, which are lower than that of PC (4.25). It indicates that BF, SF, and their hybridization can accelerate the hydration of cement in the ITZ of concrete and improve the strength of the ITZ area. Compared to SF, the lower Ca/Si of BC indicates that BF shows a better improvement effect, but both of them can clearly increase the strength of concrete. 
Conclusions
The impact of fiber hybridization, strain rate, and w/c ratio upon the impact behavior of BSFRC was studied experimentally in this paper. The microstructure characteristics of BSFRC material was observed and analyzed as well. The main conclusions obtained are as follows:
• BF and SF are able to increase the static strength and their hybridization has a greater strengthening effect. The best hybrid ratio is 0.05% (BF)-0.25% (SF) for w/c ratios of 0.44 and 0.54, but higher fiber hybrid content is demanded for w/c ratio of 0.68.
•
The impact test results indicate that BSFRC material is significantly affected by strain rate which can improve the dynamic mechanical parameters of BSFRC. The results show that DIF and lg . ε are linearly related. BSFRC with higher w/c ratio has a higher strain rate effect. As the strength of concrete decreases with increasing w/c ratio, the research indicates that the reduction of the concrete strength increases its strain rate sensitivity.
• Both fibers can improve the impact strength and toughness. Their hybridization has similar improvement effects on impact strength but can further increase the impact toughness and the best hybrid ratio is 0.05% (BF)-0.25% (SF). Higher w/c ratio will weaken the effect of fiber hybridization. •
The proposed model can well describe the impact behavior of BSFRC. The fitted parameters of E 2 , θ 1 , θ 2 and m are sensitive to strain rate. The static and dynamic elastic constant of BSFRC are improved compared to plain concrete. The BF and SF hybridization can restrain the damage evolution of concrete more obviously.
The mortar structure gets more compact with more C-S-H and less Ca(OH) 2 with the decrease of w/c ratio. Besides, degree of damage in the ITZ of PC decreases as well but is worse than that in the CM. BF and SF with proper fiber content can be evenly distributed in concrete. BF are mostly pulled apart while SF are mostly pulled out in fracture areas. The energy spectrum results show that the hydration of cement in the ITZ is lower with more C-S-H and less Ca(OH) 2 than CM. However, the addition of BF and SF can promote the hydration of cement in the ITZ and improve the performance of ITZ.
In practical applications, concrete-like material has to inevitably suffer various impact loads, such as an earthquake, explosion, and wave or wind power. The hybridization of BF and SF is able to combine the advantages of both BF and SF. The impact resistance of concrete with a suitable amount of BF and SF added is improved remarkably. In addition, the production cost of BF and SF is lower than that of some other type of fibers, such as steel fiber and carbon fiber. Thus, BSFRC has great potential in concrete application.
